In order to optimize peripheral blood stem cell (PBSC) collection for transplantation, absolute CD34 counts are necessary to determine the exact time-point for sufficient leukapheresis. In an effort to establish and to validate a rapid and reproducible assay for PBSC enumeration, different recommendations for selection of monoclonal antibodies, lysis techniques, analysis parameters and gating strategies were developed. In this methodical study, two gating strategies for PBSC enumeration were compared, in order to validate the accuracy of PBSC counting in peripheral blood and apheresis products. Gating strategy I was performed using volumetric flow cytometry and reference beads whereas gating strategy II was done according to the ISHAGE guidelines. The highly standardized volumetric assay seems to be superior to the more 'expert-reliant' ISH-AGE procedure requiring more 'manual work' by the cytometrist.
High-dose chemotherapy with peripheral blood stem cell transplantation (PBSCT) is increasingly used for treatment of different hematological malignancies because remission induction seems to be superior in comparison to conventional treatment.
1,2 PBSC have to a large extent replaced bone marrow as source of marrow repopulating cells and are able to reconstitute hematopoiesis in a shorter time after myeloablative chemotherapy. 3, 4 A number of methods are available for mobilization of PBSC from bone marrow into peripheral blood. 5, 6 Since the identification and characterization of the CD34 antigen as a marker for self-replicating PBSC, flow cytometric analysis has been used for PBSC enumeration in peripheral blood and apheresis products. 7, 8 Today, the decision to commence leukapheresis after PBSC mobilization depends on flow cytometric enumeration of PBSC in peripheral blood and the total number of PBSC in leukaph- eresis products often determines the time-point of a future PBSC collection. Exact quantification of PBSC in apheresis products is required to assess the quality of harvest for engraftment after PBSCT. 9 Therefore, it is essential to establish a reliable flow cytometric assay for the enumeration of PBSC.
Although CFU-GM numbers correlate with the absolute number of PBSC in apheresis products, culture assays have several disadvantages as compared to flow cytometry. [10] [11] [12] Cell growth is subjected to the numerous inconsistencies of culture assays and results are not available until 1 to 3 weeks after collection. 13 Flow cytometric assays can be performed in less than 3 h and results are available directly after analysis. Therefore, flow cytometric procedures appear to be a more sensitive, reliable and rapid alternative to colony assays. 10, 14 Different flow cytometric methods to enumerate PBSC in peripheral blood and apheresis products have been described. However, the lack of a standardized method has led to widely inconsistent data. 15, 16 To validate the precision of different gating strategies in PBSC enumeration, PBSC counts were assessed using two different enumeration assays. The first assay uses a volumetric method with reference beads (ProCount-Kit), and the second assay was performed with the ISHAGE gating strategy.
Patients and methods

Patient samples
In this study, 30 peripheral blood samples and 45 leukapheresis product samples of patients with hematological malignancies selected for high-dose chemotherapy were analyzed in three independent analyses within 2 h of collection. Peripheral blood samples were drawn into EDTAvacutainers (Becton Dickinson, Heidelberg, Germany) and leukapheresis samples, obtained after routine PBSC collection, were drawn into a 5 ml syringe.
Mobilization was performed by daily subcutaneous injection of G-CSF after mobilization chemotherapy and PBSC counting started when the leucocyte nadir was passed and the absolute leukocyte concentration was greater than 0.5 × 10 9 /l.
Assay
Flow cytometric analysis was performed directly after collecting three blood samples for each donor sample. Aliquots of peripheral blood in K 3 EDTA coated tubes and aliquots of leukapheresis products, anticoagulated with ACD-A during apheresis were counted (Bayer Technicon H3, Frankfurt, Germany) and adjusted to a cell count of approximately 10 × 10 9 leukocytes/l with a solution containing PBS with gelatin and 0.1% sodium azide. Cell viability was examined by light microscopy using trypan blue staining (GIBCO BRL, Eggenstein, Germany).
For each sample, 20 l ProCount CD34 reagent (BD) were pipetted in each of three 5 ml Trucount-Tubes (BD), and 20 l control reagent were pipetted in a control tube.
The ProCount CD34 reagent contained a nucleic acid dye, PE-labeled CD34 (clone 8G12) and PerCP-labeled CD45 (clone 2D1) whereas the control reagent contained a nucleic acid dye, PE-labeled IgG 1 (clone X40) and PerCPlabeled CD45 (clone 2D1).
Using a reverse pipetting technique, 50 l of the well mixed donor sample was pipetted to each of the tubes. After vortexing the tubes were incubated for 15 min at room temperature in the dark. Thereafter 450 l 1 × FACS lysing solution was added to each tube. After vortexing the cells were incubated for another 30 min in the dark at room temperature. After this incubation the samples were directly analyzed on the flow cytometer. Monitoring of instrument set-up for intensity and color compensation was three-fold: (1) using lymphocytes of normal persons according to the FACSComp software (Becton Dickinson); (2) CD4 (SK3)-FITC)/CD8 (SK1)-PE, (Becton Dickinson) dual staining of peripheral blood from normal blood donors; and (3) standardized fluorescent beads (FluoroSpheres; Dako Diagnostika, Hamburg, Germany). Fluorescence was collected between 512-547 nm and 620-672 nm in the PE and PerCP fluorescence light channels. Fluorescence compensation was adjusted by hardware circuits. The amplification for FSC and SSC signals was linear while fluorescence signals were amplified by four decade logarithmic amplifiers.
Using the CellQuest software, 60 000 events were acquired for each sample.
After acquiring data, analysis was done for every sample in two ways. The first method (gating strategy I) was performed according to the recommendations in the ProCount Kit (Figure 1 ). Six dot plots were created and analyzed with CellQuest software (Becton Dickinson). An attractor set was created to utilize region settings in routine use. In the following text, this gating strategy is called 'Attractors'. The first dot plot (plot 1) FSC vs SSC of all events was displayed to show an overview of the whole cell population and the beads in the sample. A second dot plot (plot 2) was created to display DNA dye vs SSC of all events. Gate region R1 was set around the lymphocyte population extending into the monocytes but excluding any debris. In a third dot plot (plot 3), CD45 PerCP vs SSC of all events was displayed. Gate region R2 was set around the dim CD45/low SSC population.
Additive regions R1 and R2 were shown in the next dot plot (plot 4). In this dot plot DNA dye vs CD34PE was displayed and region R3 was set around the bright CD34 cells.
The population of CD34-positive cells was defined in the gate list as G1 = R1 and R2 and R3. For the enumeration of the beads two dot plots of all events were displayed (plot 5, plot 6). Plot 5 showed FSC vs CD45 PerCP and plot 6 showed CD34 PE vs SSC. Regions R4 and R5 were set around the beads as shown in Figure 1 . Beads were defined in the gate list as G2 = R4 and R5. Absolute CD34 count was calculated using the following equation (for each sample the count of the isotype-control was subtracted from the donor sample):
The second method (gating strategy II) was done according to the ISHAGE guidelines ( Figure 2 ). Five dot plots were created and also analyzed with CellQuest software. In the first dot plot (plot 1) FSC vs SSC of all events was displayed. This represented an overview of the whole cell population and the beads in the sample. To exclude the beads region R5 was set around the beads. In a second dot plot (plot 2) CD45 PerCP vs SSC of all events was displayed. Region R1 was set around the leukocyte population, excluding beads and debris. The next dot plot (plot 3) was created with CD34 PE vs SSC of gated cells from region R1 and not R5. In this plot region R2 was set around the CD34-positive cell population. In plot 4, CD45 PerCP vs SSC was displayed of cells gated from additive regions R1 and R2. Region R3 was set around the cluster with low SSC and low to intermediate CD45 fluorescence. The last dot plot (plot 5) displayed cells from additive regions R1, R2 and R3. After creating the axes FSC vs SSC for these regions R4 was set according to the ISHAGE guidelines. The CD34-positive cell population was defined in the gate list as region R4. Absolute CD34-count was calculated using the following equation:
Total no. of CD34 + events × leukocyte count (×10 9 /l) × 1000 Total no. of CD45 + events without beads × dilution factor = CD34 cells/l
Statistical analysis
Comparison of the results for the two methods was performed using the paired t-test and Spearman correlation with GraphPadPrism (GraphPad software, San Diego, CA, USA).
Results
In this study the efficiency of two flow cytometric gating strategies for PBSC enumeration was compared. For each of the 75 apheresis and peripheral blood samples three assays were done as described in Methods. After acquiring data on the flow cytometer every run was analyzed with gating strategy I (attractors) and afterwards with gating strategy II (ISHAGE). The distribution of samples covered a broad range of PBSC counts (ISHAGE: r = 0.19-0.495), containing mostly low PBSC values but also a small number of samples with a very high PBSC content (ISHAGE: mean = 93.2, median = 43.7, s.d. = 113.0, s.e.m. = 12.96) (see Figure 3 ). Table 1) .
The paired t-test showed borderline significance in the PBSC estimation of the two techniques (P = 0.0554 (twotailed), t = 1.946). The results, determined with the attractor method were slightly higher in comparison to the ISHAGE strategy (mean of the differences: 7.285 PBSC/l (95% confidence interval: Ϫ0.1821 to 14.75)).
Discussion
Flow cytometric enumeration of PBSC is the standard procedure in PBSCT. Because of the paucity of these cells in either peripheral blood or PBSC harvests, minor methodical variations can significantly influence results. 8, 12, 14 Therefore, it is necessary to compare different methods between different transplant centers and within a single laboratory. In this study, the intralaboratory results for two PBSC enumeration methods were compared to assess their application in PBSCT.
The results of both methods, as well as those of other groups demonstrated that different flow cytometric methods are applicable for CD34 enumeration and show comparable results for peripheral blood and apheresis products. [17] [18] [19] [20] Although strong correlations among different methods were demonstrated in single center studies it is important to consider that interlaboratory reproducibility is still a problem. 15, 21 In multicenter studies of PBSC counting a wide range of results was found although the same antibodies and lysis techniques were used. 22 The major source of variation was the gating strategy used for cytometric data acquisition and analysis. 9, 23 Indeed, evaluation of flow cytometric results seems to be dependent on the marker settings used by the individual cytometrist, and standardization of antibody selection and lysis technique cannot compensate for the differences in individual region settings of operators in multicenter studies. As a consequence, a multicenter study to evaluate the precision and interlaboratory reproducibility of a new automated software has been initiated. 24 In summary, both methods are applicable to determine the point of time for sufficient leukapheresis and for enumeration of PBSC in leukapheresis products. The results for these specimens show no significant differences and provide comparable intralaboratory linearity and reproducibility. Their application is a more rapid alternative to colony assays for quantifying PBSC content in apheresis products.
14 From the point of quality assurance, the more standardized volumetric assay using reference beads and an attractor-based gating strategy seems to be a good, rapid alternative to the ISHAGE strategy. Attractors software helps to automate gating and minimizes the major source of variation, the individual setting of the gates. 9, 25 The recently announced new software for data acquisition and automated analysis should close the gap between the need for quality controlled measurement and the widely used list mode file analysis performed by experts.
